The adsorption of the cationic surfactant, cetyltrimethylammonium chloride (CTMA) from aqueous solutions on attapulgite was studied. Attapulgite is a clay mineral that has many applications, especially in agriculture and industry. It has not been studied extensively compared with other clay minerals for its sorption properties in environmental applications. In the present work the adsorption capacity of CTMA on attapulgite was found that was high and was mostly due to ion exchange mechanism. Furthermore, the experimental data fitted well to the Langmuir isotherm.
Introduction
Surfactants are synthetic products that are used extensively in different fields in daily life. They contain a polar (hydrophilic) group and an unpolar (hydrophobic) group. They are classified into four categories according to the charge of their hydrophobic group: anionic, cationic, non-ionic and amphoteric ones [1] [2] . The anionic surfactants are widely used as detergents and they have the greater consumption compared to the others. They tend to generate much higher foam levels than the other categories. The cationic surfactants are used for cleaning as disinfectants, for hair conditioners, for anti-rust additives for metals, for oil recovery from the oil reservoirs and for soil washing agents. The increasing use of surfactants has caused serious environmental problems such as eutrophication of lakes [3] [4] . This makes mandatory their removal from water. Adsorption has been recognized as an effective and promising technique and has been used in tertiary water and wastewater treatment. The pollutant that is adsorbed is called adsorbate (or sorbate) and the solid material is called adsorbent (or sorbent). The most common adsorbent material is the activated carbon, but it is high-cost and cannot be used at large scale. Other materials used for the same purpose are the clay minerals [5] .
The cetyltrimethylammonium salt (CTMA) is a cationic surfactant that has been tested for its adsorption on clay minerals. The clay minerals are divided into swelling and non-swelling ones based on their structure and their interaction with water. It has been found [6] that the sorption on non-swelling minerals, such as kaolinite, was strongly affected by hydrophobic interactions, and is limited to the external surfaces, making the study more feasible.
When the cationic solutions come in constant with swelling minerals, such as montmorillonite, the surfactant molecules are adsorbed on mineral surfaces as well as interlayer spaces, making the study more complicated.
Attapulgite (palygorskite) is a clay mineral that belongs to the Fuller's earth group. It is a non-swelling mineral. It has different structure than the other clay minerals, as its 2:1 layers are distributed in chains and not in layers. It is considered to have a high surface area (>150 m 2 /g) and a porous structure that is believed to contribute more to the sorptive capacity than its high surface area.
Great attapulgite production is known to be that of USA and less of South Africa or other countries [7] [8].
Attapulgite is utilized in a variety of applications: industrial, agricultural and environmental. In industry, it is used as drilling fluid, as paper coating. In agriculture, it is used as soil amendment for improving the soil properties. For the environmental protection, attapulgite has been applied for the removal of heavy metals [9] [10] [11] and of organic compounds. Most studies referred to the removal of cationic dyes and humic acids from aqueous solutions [12] [13] [14] [15]. Besides, attapulgite has been applied for the partial desalination of sea water [16] and for the removal of dissolved organic carbon (DOC) from oily water [17] . It has not been tested for the removal of cationic surfactants from water.
In this work, we used CTMA chloride for sorbate and an attapulgite from Greece as sorbent in order to study the sorption properties of attapulgite and to remove the cationic surfactant from water. For the determination of CTMA concentration there are several methods, like anion chromatography and spectrophotometric methods. In the present work, we applied a spectrophotometric method that is rapid and simple.
Materials and Methods

Materials
The clay mineral attapulgite was purchased from GEOHELLAS company (Greece). The origin of the atttapulgite sample is from the region of Grevena (North Greece). It is a commercial product, specifically sold for agricultural use, and in the present study it was used without further pretreatment. The proper-
ties of attapulgite are listed in Table 1 as specified by manufacturer's data sheet and by [18] . The cation exchange capacity (CEC) of this mineral is generally 200 -300 meq/kg [8] .
The surfactant cetyltrimethylammonium chloride (CTMA) was purchased from Aldrich and was of technical grade. The reagents sodium carbonate, sodium hydroxide, the dye bromophenol blue and the solvent 1,2-dichloromethane were obtained from Fluka and were of analytical grade.
Batch CTMA Sorption
For the CTMA kinetic study, two grams of attapulgite were added into 25 mL of CTMA solution with initial concentration of 10 −3 M in 50 mL centrifuge tubes.
The mixtures were shaken at 150 rpm for 1, 2, 4, 6, 24 h. After, they were centrifuged at 4000 rpm for 15 min and the supernatant was filtered through a 0.45 μm filter.
For the CTMA sorption study, 5, 10, 20, 50, 200 mg of attapulgite were added into 25 mL of CTMA solution with concentration of 10 −3 M in 50 mL centrifuge tubes. The mixtures were shaken at 150 rpm for 1 h. After, they were centrifuged at 4000 rpm for 15 min and the supernatant was filtered through a 0.45 μm filter.
Chemical Analysis
CTMA has been determined by colorimetric methods [19] [20] . In this work it was determined by the colorimetric method described by [19] . 
Results and Discussion
Determination of CTMA
The absorbance (A) of standard solutions of CTMA was plotted versus their concentration, C (M) as is shown in Figure 1 . In the same figure, the linear Figure 2 shows the results from the kinetic study. The concentration of CTMA in equilibrium, Ce (M) is plotted versus time (hours). It is clear from the figure that the equilibrium has been achieved in the first hour. The next batch experiments that have been described in the experimental part in order to calculate the isotherm were done in one hour.
Kinetic Results
Sorption of CTMA
The most common adsorption isotherms are the Langmuir and Freudlich ones.
The Langmuir isotherm proposes that sorption occurs on homogenous active sites by monolayer sorption (surface with a finite number of identical sites)
without interactions between sorbed molecules and has the following form:
where C s is the amount of solute sorbed on solid at equilibrium (mol/g), C e is the solute concentration in liquid phase at equilibrium (mol/L), S m is the apparent sorption capacity or sorption maximum (mol/g) and K L is the Langmuir coefficient (L/mol) related to the adsorption energy.
Equation (1) can be rearranged to a linear form:
So that K L and S m can be determined by the linear equation.
Freudlich equation proposes that sorption occurs on heterogenous active sites and/or there are interactions between sorbed molecules leading to multilayer sorption. This isotherm is used widely, especially at low to medium concentration range and has the following form: where C s is the amount of solute sorbed on solid at equilibrium (mol/g), C e is the solute concentration in liquid phase at equilibrium (mg/L), K F is the Freudlich coefficient (L/mol) indicating of the sorption capacity and n is a coefficient indicating of the sorption intensity.
Equation (3) can be rearranged to a linear form:
The results from the isotherms are shown in Figure 3 and Figure 4 . Comparing the two plots it is obvious because of the higher correlation coefficient that the adsorption equilibrium data fit much better to the Langmuir model. The sorption capacity (S m ), as calculated from the slope of Equation (2), is 240 mmol/kg, a similar value with the CEC of this material (264 meq/kg), as was calculated by [8] .
Generally, the mechanisms for the physical adsorption are: Van der Waals forces, hydrophobicity, hydrogen bonds, polarity and steric interaction, dipole dipole interaction, π-π interaction. The mechanisms for the adsorption of cationic surfactants on different clay and zeolite minerals include: ion exchange and hydrophobic interactions.
There are many studies in literature about the adsorption of cetyltrimethylammonium bromide, but not of the chloride salt, on clay and zeolite minerals.
From the clay minerals, montmorillonite is reported mostly to have the greatest sorption capacity. The mechanisms for the adsorption of CTMA on montmorillonite were found to be both ion exchange and interactions such as induced and π-π [21] .
Kaolinite is another clay mineral that has also been studied. Harendra and
Vipulanandan [22] have studied the adsorption of cetyltrimethylammonium bromide on kaolinite and blasted sand and found that kaolinite had the higher sorption capacity of the two. Kaolinite had a CEC of 15 -20 meq/kg and a sorption capacity of 10 mmol/kg.
Li and Gallus [23] also have studied the adsorption of cetyltrimethylammo- From the zeolite minerals, clinoptilolite is one of the most common and abundant ones.
Li [24] has studied the adsorption of cetyltrimethylammonium bromide on clinoptilolite and found a sorption capacity of 200 mmol/kg, a value that is smaller than the sorption capacity found in the present work. The clinoptilolite had a CEC of 90 -110 mmol/kg.
Another research that used clinoptilolite as sorbent, with a very high CEC value of 1360 meq/kg and cetyltrimethylammonium bromide as sorbate [25] , found a sorption capacity of 284 and the adsorption mechanism that was mostly the ion exchange.
Attapulgite has been found [16] that its sorption capacity for removing Ca, Mg, K and Na from sea water is due to its ion exchange properties. The equilibrium data fitted best with the Langmuir isotherm. It showed a sorption capacity of 248 mmol/kg of Na, slightly higher than the other ions. This result is similar with the result of the present study for CTMA.
Attapulgite has been investigated for the removal of heavy metals and for the removal of cationic dyes [12] that equilibrium data fitted best to the Langmuir isotherm.
Conclusions
From the results of this paper it is concluded that attapulgite is a very effective adsorbent material for the removal of the cationic compound cetyltrimethylammonium chloride from water. The sorption takes place mostly due to cation exchange and less to other interactions. The sorption capacity was found to be approximately the same with the CEC of the material. The experimental data fitted well with the Langmuir isotherm.
